We have investigated the behaviour in mice of the herpes simplex virus type 1 (HSV-1) mutant d/1403, which contains a deletion within the gene encoding the immediate early polypeptide Vmw110. The deletion was responsible for a reduction in virulence assayed by both the intracranial and footpad routes of inoculation. Following injection into the footpad, dl1403 was able to reach the spinal cord and establish a latent infection in sensory ganglia from which virus spontaneously reactivated upon explantation. The Vmw 110 polypeptide is therefore dispensable for the establishment and maintenance of latency and for reactivation from the latent state.
Three week old BALB/c mice of both sexes were purchased from Bantin & Kingman. Also used were Biozzi (high antibody responder) mice which were bred on site. Virus was inoculated into the right rear footpad as described previously (Clements & Subak-Sharpe, 1983 . At the time of inoculation the virus was titrated in BHK cells. For each virus stock a series of 10-fold dilutions was inoculated to produce a dose-response curve. The mice were examined daily and any illness or mortality was recorded. Deaths occurring between the 3rd and 21 st day after inoculation were used to calculate the LD50. Similarly infected surviving mice were examined for the presence of latent virus at least 3 months post-inoculation. The mice were dissected and the lowest thoracic, six lumbar and upper two sacral ganglia were removed from the inoculated side, placed in culture medium and screened for the presence of infectious virus as previously described (Clements & Subak-Sharpe, 1983 . Virulence was also assessed following intracranial inoculation under chloroform anaesthesia with 0.1 ml of a series of 10-fold dilutions of virus (Taha et al., 1988 (Taha et al., , 1989 . Again mice were examined daily for illness or death; deaths occurring between 3 and 21 days post-inoculation were used to calculate the LDso.
Following footpad inoculation, apart from mild transient swelling, there were no signs at the site of infection. Similarly no local effects resulted from intracranial inoculation.
The wt HSV-I syn ÷ strain was highly virulent for BALB/c mice when inoculated via the intracranial route and exhibited an LDso of < 10 p.f.u./mouse (Table 1 ). The virulence ofd11403 by this route was reduced in comparison to the wt parental virus, the LDso being between 10 3 and 104 p.f.u./mouse. The recombinant R4 exhibited high virulence similar to that of the wt virus strain (LDso <50 p.f.u./mouse).
When assayed by the footpad route of inoculation (Table 1 ) both the wt 17 syn + virus and the recombinant R4 had LDso values of between 104 and 5 x 105 p.f.u./mouse. The LDs0 ofdl1403 was > 106 p.f.u./mouse, but it was not possible to obtain stocks of sufficiently high titre to test beyond this dose. The deletion in d11403 nevertheless is clearly responsible for a reduction in virulence detected by both the intracranial and footpad assays.
The ability of the viruses to reactivate from latency was assayed by individually screening the nine explanted ganglia from the inoculated side of surviving mice at 3 months post-infection. All BALB/c mice that had been inoculated with 1.4 x 104 p.f.u./mouse wt HSV-1 (four mice), 3 x 104 p.f.u./mouse dl1403 (five mice) or 4.5 x 104 p.f.u./mouse R4 (four mice) yielded virus from one or more ganglia. All three viruses are thus latency-competent. Reactivation took place most rapidly in the case ofwt virus with virus being detectable in the supernatant medium of the first positive ganglion on day 6 after explantation. For R4 and d11403 the first detection of reactivated virus from positive ganglia was 10 and 14 days post-explantation, respectively. The cumulative number of ganglia from which virus was reactivated is shown in Table 2 . By 4 weeks after explantation an average of 3-25 ganglia from each mouse latently infected with wt HSV-1 had released virus. Although reactivation of d11403 was delayed compared to the wt virus, by 20 days post-explantation reactivation had taken place from an average of 3.4 ganglia/mouse. Restriction endonuclease analysis of the genomes of viruses recovered from the ganglia of mice latently infected with dl1403 confirmed that the reactivated virus was indistinguishable from the inoculated d11403 (data not shown).
Because of the reduced virulence of dl1403 it was also possible to test for latency after inoculation of BALB/c mice with a higher dose of this virus (106 p.f.u./mouse). The two mice inoculated at this dose both yielded virus from ganglion explants but reactivation was more rapid, dl 1403 first appearing 8 days after explantation. By 15 days post-explantation six ganglia per mouse had released virus.
Essentially similar results were obtained using Biozzi mice which are more resistant to wt HSV-1 than are BALB/c (Clements & Subak-Sharpe, 1983 ). Mice were initially inoculated with 2 x 106 p.f.u./mouse wt HSV-1 (four mice) or 1 x 106 p.f.u./mouse di1403 (five mice) by the footpad route and ganglia were screened for the release of latent virus after explantation and culture. Reactivation of wt virus took place rapidly as expected from all four mice, virus first being detected on day 6 after explantation. By 8 days virus had reactivated from virtually all the ganglia removed. Virus dl1403 was recovered from all five mice, first being detected in the ganglion supernatant 12 days after explantation. By 21 days after explantation virus had reactivated from an average of 2.5 ganglia/mouse. The behaviour of wt HSV-1 and dl 1403 was also examined during the acute phase of infection of BALB/c mice. Two series of mice were infected via the right footpad with either wt HSV-1 or dll403 (1 × 106 p.f.u./mouse). At daily intervals after infection mice from each group were sacrificed and tissues were removed, snap-frozen and titrated for the presence of virus. Virus reached the spinal cord 1 day after infection with both wt virus and dl 1403 but subsequently the behaviour of the viruses differed (Table 3 ). All mice infected with the mutant virus survived; the titre of dl1403 in the spinal cord reached a maximum 4 days after infection and then declined. The mutant was detected in the right DRG on days 2 and 4 but did not spread to the left DRG. Although wt HSV-I was initially detected in the spinal cord and right DRG at the same time as d11403, it subsequently replicated to much higher titres, also spread to the left DRG and eventually killed the animals. Wild-type HSV-1 was also recovered from the inoculated footpad for a longer period than d11403. The data for the mice infected with this dose of wt HSV-1 reflect progressive replication resulting in generalized infection and eventual death of the animals.
Two important conclusions regarding the behaviour of d11403 in mice can be drawn from the results presented above. First, the deletion is associated with a decrease in virulence whether assayed by the intracranial or the footpad route of inoculation. Secondly, when dl1403 is inoculated into the footpad it is able to reach the spinal cord and establish a latent infection in sensory ganglia from which, following ganglion explantation, the virus spontaneously reactivates. The presence of a functional Vmw110 polypeptide is therefore not an absolute requirement for either the establishment or maintenance of latency or for reactivation from the latent state at least in mice ganglia.
Because the deletion in d11403 also affects the LAT gene it is possible that inactivation of either Vmw110 or LAT is responsible for the observed reduction in virulence and delayed reactivation of the mutant. Javier et al. (1988) recently described an HSV mutant containing a 1.2 kb deletion in both TRL and IRL which affected LAT but not Vmwll0. This mutant established latent infections in murine sensory ganglia and furthermore did not appear to be altered in comparison to a control virus in either its virulence (following footpad inoculation) or the time at which virus was recovered from explanted ganglia. It is therefore probable that the failure of d/1403 to specify a functional Vmw110 polypeptide is responsible for the observed decrease in virulence and contributes to the delayed reactivation of virus from explanted ganglia. Because d/1403 exhibits an approximately 50-fold higher particle/p.f.u, ratio than its wt parent (Stow & Stow, 1986) mice inoculated with the same number of p.f.u, of virus will receive 50-fold more d! 1403 than wt particles. Thus, considered on a particle basis, the virulence of d/1403 relative to wt HSV-1 is further reduced by this factor. Similarly in the latency experiments, although it is clear that d/1403 reaches the spinal cord and is competent for both establishment and reactivation, it is difficult to compare its performance with the wt virus. The time interval between the detection of reactivated d/1403 and wt HSV-1 may, for example, be the result of a combination of factors including the number of viral genomes present in latently infected ganglia, the speed of their entry into the replicative cycle and the rate of spread of infectious virus through the ganglion. The behaviour of d/1403 may also be influenced by the strain of mouse employed. For example, at doses of approximately 106 p.f.u./Biozzi mouse, d! 1403 was recovered from significantly fewer ganglia than wt HSV-1, in contrast to the results obtained with BALB/c mice (Table 2 ) where no such difference was noted.
Russell et aL (1987) previously reported that in an in vitro latency system which employs tissue culture cells (Russell & Preston, 1986) d/1403 could also efficiently establish a latent infection. Similarly, Stow & Stow (1989) demonstrated that d/1403 genomes could be maintained in an intracellular non-replicating form following normal infection of human foetal lung cells. Thus in both tissue culture cells and murine ganglia expression of Vmwll0 is dispensable for the establishment and maintenance of a non-lytic or latent state. In the above tissue culture systems the process of reactivation of latent virus does not occur spontaneously but requires superinfection of the cells. Russell et aL (1987) demonstrated that dll403 was unable to act as a reactivator suggesting a requirement for functional Vmw110. In contrast, reactivation of virus from explanted murine ganglia does occur spontaneously and the expression of Vmwl I0 is not required. Although the comparability of these two model systems is not clear, a possible explanation for the apparent difference in behaviour of d11403 is that spontaneous reactivation from explanted ganglia is triggered by the induction of a cellular polypeptide with similar activities to Vmwll0. It will be interesting to determine whether such an activity becomes detectable upon explantation of ganglia.
Very recently Lieb et al. (1989) have tested HSV-1 IEI gene deletion mutants (including d/1403) for their ability to establish ganglionic latency when tested in a mouse ocular model. Mutant d/1403 was able to establish a latent infection in trigeminal ganglia and spontaneous reactivation occurred after explantation, although from fewer ganglia than the wt parental virus. Our results therefore provide independent confirmation, in a different system, that a functional Vmw110 polypeptide is not absolutely essential for the processes of establishment, maintenance and reactivation. Interestingly, however, Lieb et al. (1989) showed that two mutants of HSV-1 strain KOS with deletions in this gene were more severely impaired in the reactivation process and one of these (d/x0.7) also established latent infections with reduced efficiency. The authors suggest that the differences may result from strain-specific variations or reflect residual activities of the undeleted portions of the IE 1 or LAT genes. The possibility that the two KOS strain mutants might contain additional mutations elsewhere in their genomes was also not excluded. Further work with specifically constructed viruses containing mutations which affect only the IE1 or LAT genes should enable the individual roles of these genes to be determined.
